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A global modeling study of solid rocket aluminum
oxide emission effects on stratospheric ozone

Charles H. Jackman, * David B. Considine, >! and Eric L. Fleming 3!

Abstract. Recent laboratory measurements [Molina et
al. 1997] have indicated that the heterogeneous chlorine
activation reaction CIONQ, + HCl — HNO3 + Cl, has
a reaction probability of about 0.02 on aluminum oxide
particles (alumina). Since alumina is among those sub-
stances emitted by solid rocket motors (SRMs), we have
assessed the heterogeneous chemical impact of SRM-
emitted alumina on stratospheric ozone using the God-
dard Space Flight Center two-dimensional photochem-
istry and transport model. Historical launch rates of the
Space Shuttle, Titan ITI, and Titan IV rockets were used
in time-dependent and steady-state model calculations.
Variations in the temporal ozone decreases reflected the
fluctuation in launch rate frequency. The annually av-
eraged global total ozone (AAGTO) is computed to de-
crease by 0.025% by the year 1997. About one-third
of this AAGTO change results from the SRM-emitted
alumina while about two-thirds is due to SRM-emitted
hydrogen chloride.

1. Introduction

The launch of solid rocket motors (SRMs) injects
aluminum oxide particles (alumina), hydrogen chloride,
carbon monoxide, water vapor, and molecular nitrogen
directly into the stratosphere. Local effects on Cl; and
ozone due to SRMs have recently been measured by
Ross et al. [1997a,b]. We focus on the global effects of
SRMs in this modeling study.

The global effects of the chlorine compounds emit-
ted by the SRMs of the Space Shuttle and Titan IV
launch vehicles on the stratospheric ozone layer have
been studied previously using a purely gas phase atmo-
spheric chemical scheme [Prather et al. 1990] and in-
cluding heterogeneous reactions on background strato-
spheric sulfate aerosol particles and polar stratospheric
clouds [Jackman et al. 1996a]. Recently, Molina et al.
[1997] showed that alumina particles promote the chlo-
rine activation reaction CIONQ5 +HCl — HNO3+Cl»
with a reaction probability of about 0.02 on the particle
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surfaces. If alumina particles become coated by H2SO4
in the atmosphere they would result in a small increase
in the background sulfate particle burden, a minor ef-
fect. However, if they remain uncoated, the alumina
particles would have a higher potential for ozone deple-
tion because the rate of the above-mentioned chlorine
activation reaction is faster on alumina than sulfate par-
ticles at most stratospheric temperatures. Molina et al.
[1997] argue that the alumina particles will probably re-
main uncoated throughout most of their stratospheric
residence time and hence promote chlorine activation.

Several previous studies have considered the issue of
heterogeneous processes on the SRM-emitted alumina.
For example, Danilin [1993] and Denison et al. [1994]
found that ozone in or near the plume was affected in
only a minor way when heterogeneous reactions on alu-
mina were included. Jones et al. [1995] studied the
global impact on ozone from an Ariane 5 launch rate of
ten per year with the use of a two-dimensional model.
They assumed that the alumina would become coated
by H2SO,4 and calculated about a 1% increase in the
aerosol layer due to the alumina.

Since the alumina particles are present at all latitudes
in all seasons, rather than concentrated in the polar win-
ter like the polar stratospheric clouds, and the reaction
probability for chlorine activation is not temperature
sensitive, alumina particles offer the potential to impact
ozone if they remain uncoated by HySO4. We use the
Goddard Space Flight Center (GSFC) two-dimensional
photochemistry and transport model to evaluate the im-
pact of SRM-emitted alumina on stratospheric ozone.

2. Treatment of Aluminum Oxide

There have been a few measurements of alumina
emissions from SRMs over the past 20 years. Strand et
al. [1981] measured submicron alumina particle size dis-
tributions in a Space Shuttle SRM plume. Cofer et al.
[1987, 1991] added plume measurements to determine
the alumina size distributions in the 0.3 to 10 micron
range. These measurements were combined by Brady
and Martin [1995] into a single trimodal size distribu-
tion describing alumina particles in the SRM plume.
The three modes corresponded to small, medium, and
large particles and each were represented as exponen-
tials:

Ni(r) = Aseap(~r/r:) (1)

where Nj(r)dr gives the number of particles in the
mode per cubic meter of air having a radius between r
and r +dr, A; is an exponential prefactor, and r; is the
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mean radius of the particle mode. Brady and Martin
[1995] supply values for both r; and A;. These values
indicate that 0.12, 0.08, and 0.80 fraction of the mass
enters the small, medium, and large particle modes, re-
spectively. The mode mean radii are given as 0.012,
0.14, and 0.56 microns, respectively.

In this work we use a particle size distribution similar
to that of Brady and Martin [1995]:

3
N(r) = E Biexp(—r/r;)

i=1

©)

Here, we assume that the mode mean radii are con-
stant in time and the same as in Brady and Martin. The
values for the exponential prefactors vary in time and
space depending on the emission rate of the SRM ex-
haust and the manner in which alumina is transported
through the model atmosphere. We assume that the
mass emitted into each particle mode is consistent with
the Brady and Martin values. The emitted alumina par-
ticles are then subject to model transport processes as
well as gravitational settling. A simple calculation as-
suming the Stoke’s r2 relationship between particle size
and fall speed [e.g., Rogers, 1979] shows that the sedi-
mentation mass flux of particulate alumina distributed
according to (2) is proportional to the settling rate of
the mode mean radii. To calculate the settling rate, we
use the formula of Kasten [1968].

3. Steady-State Model Simulations and
Results

All simulations were completed with the latest ver-
sion of the GSFC 2D photochemical and transport
model described in Jackman et al. [1996b]. We com-
puted several model simulations and investigated the
sensitivity of the model results to various assumptions
about the alumina particles and their effects. A brief
description of each model simulation is given in Table
1. The base simulation “A” contained no Space Shuttle
or Titan IV launches. All other simulations included a
" launch rate of nine Space Shuttle and three Titan IV

Table 1.
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rockets per year as in Jackman et al. [1996a]. The HCl
stratospheric emissions for this launch scenario are as
given in Jackman et al. [1996a, Table 1].

Other model results have predicted [e.g., Denison et
al. 1994] that HCl could be converted to Cl; in af-
terburning reactions in the exhaust plume. Ross et al.
[1997a] recently confirmed these predictions by measur-
ing Cly in a Titan IV exhaust plume. The form of chlo-
rine injected into the stratosphere will make a difference
for computations of ozone loss in the plume on short
time scales [e.g., Danilin, 1993]. However, Jones et al.
[1995] show that the form of chlorine emitted by the
Ariane 5, another solid rocket motor, makes very lit-
tle difference in global ozone loss computations for time
periods over a few weeks after launch. Since our model
computations are meant to simulate the long-term ef-
fects (time-scales greater than a few weeks) from rocket
launches, the form of SRM-emitted chlorine is not an
issue, and we assume it is all emitted as HCI.

The stratospheric emissions of Al;O3 from one Space
Shuttle and one Titan IV rocket launch are 112 and
69 tons, respectively [see Brady et al. 1994]. These
Al,O3 emissions can be compared to the HCI strato-
spheric emissions by one Space Shuttle and one Titan
IV rocket launch of 68 and 38 tons, respectively [as used
in Prather et al. 1990 and Jackman et al. 1996a]. The
altitude distribution of the AlsO3 emissions from the
two vehicles is similar to that given for the HCI emis-
sions in Jackman et al. [1996a, Table 1].

The steady-state model simulations were run for twenty
model years to a seasonally repeating condition. The
ground boundary conditions of the long-lived source
gases for steady-state 1990 conditions are taken from
Jackman et al. [1996a, Table 2]. The reaction CIONO2+
HCl — HNOj3+ Cl; with a reaction probability of 0.02
[following Molina et al. 1997] was included on alumina
particles in scenarios “C”, “D”, “E”, and “F”.

The predicted annually averaged global total ozone
(AAGTO) percentage change for the various steady-
state simulations are given in Table 1. Scenario “B”,
which includes SRM HCI emissions only, is the same
as our Jackman et al. [1996a] simulation which in-
cluded gas phase reactions and heterogeneous reactions

Description of steady-state model simulations and annually-averaged global total ozone

(AAGTO) percentage change relative to simulation “A”. The designation “EMF” or “Emitted Mass
Fractionation” with the three fractions following refer to the amount of alumina mass assumed to be
emitted in each of the three particle size distributions.

Simulation Description % AAGTO Change

A Base (no rocket launches) -—

B HCl emission only -2.3x1072
C Al;03 emission only - EMF: (1) 0.12, (2) 0.08, and (3) 0.80 -1.0x102
D HCI (as in B) and Al,O; emissions (as in C) -3.3x10™2
E Al;O3 emission only - EMF: (1) 0.0, (2) 0.0, and (3) 1.0 -5.2x107°
F Al;0O; emission only - EMF: (1) 1.0, (2) 0.0, and (3) 0.0 -8.5x1072
G Al;O3 emission only - EMF: (1) 0.12, (2) 0.08, and (3) 0.80 -3.1x107°

ONLY added to sulfate aerosol distribution
H Al203; emission only - EMF: (1) 0.12, (2) 0.08, and (3) 0.80 +4.2x10°

ONLY decomposition of CF,Cl; with y=2x10"%
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on the stratospheric sulfate aerosol layer and polar
stratospheric clouds. The GSFC model has been im-
proved over the past two years resulting in a moderately
different AAGTO percentage change. Present compu-
tations give a decrease of 0.023% whereas Jackman et
al. [19963] calculated a decrease of 0.014%. This differ-
ence between the two versions of the GSFC model give
an indication of the uncertainty in these simulations.
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ative to “A”) competitive with or larger than that
computed for scenario “B” [0.010% and 0.085% ver-
sus 0.023%). These scenarios include a mass fraction
of emitted alumina particles in the smallest size dis-
tribution of 0.12 (“C”) and 1.00 (“F”). We calculated
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the yearly average surface area for scenario

Al;0g3 particles. The smallest particles contribute more
than 95% of the calculated alumina surface area in the
stratosphere. The largest particles with mean radius rs
= .56 microns fall out of the stratosphere fairly rapidly
with most of the mass being removed within weeks and
contribute only a few percent to the stratospheric alu-
mina surface area. The medium particles are even less
important than the large particles and contribute only
a couple percent to the stratospheric alumina surface
area due to the small emission of exhaust into this mode.
The maximum aluminasurface area in case “C” is calcu-
lated to be 2.5x10~3 um? /em? in the lower stratosphere
middle to polar northern latitudes. For comparison, a
typical value for the background sulfate surface area
density is 1 pm?/cm3.

Maximum changes in total ozone are computed in
the northern and southern polar regions throughout the
winter and early spring for scenario “B” (HCl emis-
sions only), whereas maximum changes in total ozone
are computed in the spring for scenario “C” (Al,O3
emissions only). Simulation “D”, which includes both
the HCI emissions (as in “B”) and the Al;O3 emissions
(as in “C”), is our most reasonable simulation of the ef-
fects of SRMs on the stratosphere and is shown in Fig-

Total Oy (% diff) — HCI & Al,O5 emissions (D—A)
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Figure 1. GSFC model calculated total ozone change
(percent) for latitude by month of year comparing sim-
ulations “D” to “A”. Simulation “D” assumes a steady-
state launch rate of nine Space Shuttles and three Titan
IV vehicles per year.
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ure 1. The AAGTO decrease for “D” relative to “A”
is 0.033%. The effect on ozone from the emissions of
HCl and Al;O3 add approximately linearly on a global
basis. The largest total ozone decreases are predicted
to be about 0.12% at polar latitudes in the spring of
both hemispheres

if it is assumed that all of the emitted alumina par-
ticles are in the large size distribution (scenario “E”),
H'ln A A("Tn nnmpnfnrl rlnrrnncn 1S an nxtremn]v smaﬂ
5.2x10~%%. If we increase the emission of alumina in
the smailiest sized particies by a factor of 8.3 for sce-
nario “F”, this results in an increase in the maximum
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also compute a nea.rly linear increase in ozone loss to
0.085% for scenarm “F” when compared to the 0.01%
in scenario “C”. Scenario “F”, which assumes all of the
alumina particles are in the sma.ll size distribution, is an
upper limit computation within the assumptions going
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to believe that all the particles are in the smallest size
distribution, since the alumina particles do coalesce and
there are very good measurements of large particles in
SRM exhaust plumes [Cofer et al. 1987, 1991].

If it is assumed that the alumina particles are rapidly
coated with H,SO4 and add only to the sulfate surface
area (scenario “G”), the AAGTO computed decrease
is 3.1x1073%, over a factor of three smaller than that
computed in scenario “C”. A coating of H,SO4 changes
the heterogeneous chemistry occurring on the alumina
particle and dramatically limits its ability to activate
chlorine.

Laboratory measurements [Robinson et al. 1994,
1996] indicate that CF;Cl; (CFC-12) is decomposed on
alumina surfaces. Our model simulation with this pro-
cess predicts an AAGTO increase of 4.2x107%% (sce-
nario “H”). This ozone increase can be explained by the
following. Alumina particles cause some loss of CF;Cl,
in the troposphere, which leads to slightly less CF,Cl,
reaching the stratosphere. Slightly less CF2Cl; in the
stratosphere results in the production of slightly less
stratospheric Cly and, therefore, less ozone loss - which
leads to a slight ozone increase.

4. Time-dependent Model Simulations
and Results

Since the launch rate over the past 25 years has been
generally smaller than our assumed launch rate of nine
Space Shuttle and three Titan IV rockets per year, we
also computed the time-dependent ozone changes re-
sulting from a historical launch rate of the Space Shut-
tle, Titan ITI, and Titan IV vehicles. The launch rate for
1970-94 is taken from Isakowitz [1995] and for 1995-97
from R. Bennett [personal communication, 1998]. We
ran four time-dependent model simulations for the pe-
riod 1970-1997: 1) a “base” run which did not include
any rocket launches; 2) an “alumina perturbed” run
which included the historical launch rate with Al;O3
emissions only; 3) a “HCl perturbed” run which in-
cluded the historical launch rate with HCl emissions
only; and 4) a “total perturbed” run which included
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Figure 2. GSFC model calculated annually-averaged
global total ozone change (percent) for the “alumina
perturbed” run (dashed hne) the “HCI perturbed” run
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line) compared to the “base” run for the 1975-1997
time period. The “perturbed” runs include a historical
launch rate of the Space Shuttle, Titan III, and Titan
IV vehicles for the 1970-1997 period.

the historical launch rate with both HCl and Al;O3
emissions. The mass fraction of emitted alumina in
the “alumina perturbed” and “total perturbed” runs
was assumed to be 0.12, 0.08, and 0.80 in the small,
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medium, and large size distributions. The source gas
boundary conditions for all four of these runs over this
time period were taken from Table 6-3 of WMO [1995].

The AAGTO percentage difference of the “perturbed”
runs compared to the “base” run is shown in Figure 2.
Our model calculated ozone decrease shows variations
over this time period. Local maximum ozone decreases
are computed in years 1978, 1986, and 1997. The pre-
dicted variations in ozone decrease follow directly from
the input rocket launch rates. The maximum AAGTO
predicted decrease of 0.025% occurs in 1997 for the “to-
tal perturbed” compared to the “base” run.

The increasing influence of the emitted alumina in
computed ozone loss is apparent over the 1975-1997
time period. The fractional contribution from the alu-
mina to the total computed ozone loss caused by rocket
launches increases from less than one-quarter to about
one-third over this period. The background upper
stratospheric amounts of inorganic chlorine increase over
this period from about 1.5 to 3.5 ppbv, thus activa-
tion of the chlorine via the reaction CIONO3 + HCl —
HNOj3 + Cl; on the alumina particles becomes increas-
ingly important.
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